e findings of an experimental study that was undertaken to investigate the performance of concrete-filled steel tubular members subjected to lateral loads are reported in this study. Columns of pure concrete, concrete with reinforcing bars, and two steel tube thicknesses were considered. Two different tests were conducted in this study. One test is used to research the performance of steel tube-reinforced concrete model piles under a lateral loading. e other test is used to research the effect of the depth of rock embedment for piles embedded in a foundation to simulate actual engineering applications in an experimental study. According to these test results, a detailed analysis was carried out on the relationships, such as the stress-strain and load-displacement relationships for the specimen. ese tests show that the steel tube thickness and steel bars will significantly enhance the lateral bearing capacity and rigidity of the composite components. Additionally, the ultimate bending moment formula of a steel tubereinforced concrete pile is deduced. e comparison of the calculated results with the experimental results shows that this formula is applicable for this type of pile foundation.
Introduction
Concrete-filled steel tube (CFST) members are well recognized for their excellent performance owing to the combination of the merits of steel and concrete materials.
erefore, CFSTs are increasingly used in many structural applications, including columns supporting platforms of offshore structures, roofs of storage tanks, bridge piers, piles, and columns in seismic zones [1] .
In 1957, since Kloppel and Goder et al. [2] reported their study of concrete-filled steel tubes, scholars from various countries have conducted extensive and in-depth experimental studies of these structures. In 1967, Furlong [3] reported the results of axial and compressive bearing tests of 52 CFSTs. In 1993, Grauers [4] carried out an experimental study on high-strength concrete-filled steel tubes; in the experiments, the core of the concrete strength was found to be up to 103 MPa. In 2001, Elchalakani et al. [5] presented an experimental investigation of the flexural behavior of circular CFT subjected to large deformation pure bending where d/t � 12 to 110 and compared the behavior of empty and void-filled, cold-formed circular hollow sections under pure plastic bending. In 2002, Zhao and Grezebieta [6] conducted axial and pure bending tests on interlayer concrete-filled steel tubes. Aval et al. [7] considered the problem of the bond slip and the combination of steel tube and concrete, and they used the fiber model method to analyze the load-deformation curve of the bending member under a cyclic load. More recently, Montuori and Piluso [8] reported the ultimate behavior of concrete-filled tubular (CFT) members subjected to nonuniform bending moment. Furthermore, a fiber model able to predict the ultimate response of CFT members was also presented and compared with the experimental results, and the comparison between experimental and numerical results shows a good agreement pointing out the accuracy of the proposed fiber model.
In the past, there has been extensive research on the behavior of CFST members subjected to axial compression [9] [10] [11] [12] , axial tension [13] [14] [15] [16] , and more complex loading conditions [17] [18] [19] [20] [21] [22] . Compared with the previously conducted research in the above fields, relatively little work has been reported on the lateral loading behavior of CFST members. e above literature review indicates that research on the lateral loading behavior of CFST members is still limited, especially for CFST members that have been widely used in engineering practices such as high-pile terminal structures and pile foundations. ese applications utilize CFST members to not only bear the pile cap, beam, and other vertical loads but also bear a ship impact force and support other concentrations of the load. Under the action of horizontal loads, the pile foundation of a high-pile wharf has been used when the pile is broken. In this paper, in order to compare the influence of the thickness of a steel tube on the bearing capacity of composite members, a detailed experimental study on circular CFSTs has been undertaken under lateral loads. e bearing capacity of different types of concrete-filled steel tubular structures is discussed. Additionally, the influence of actual engineering applications on the depth of concrete-filled steel tubes was studied and analyzed.
Experimental Study

Material Properties.
e steel tubes used for the construction of the CFST specimens were cold-rolled steel tubes. Young's modulus of the tube (E) is 200 GPa, and the yield strength of the tube (fy) is 335 MPa. All the test specimens are scaled components. e specimens consist of the main bar and the stirrup, and the yield strength of the steel bars is 335 MPa.
e core concrete material of the CFST is made of high-strength M30 cement mortar; this grout has the same elastic moduli as the actual pile. According to the code JGJ/T 98-2010 [23] , the test mix design of all the specimens is shown in Table 1 .
Specimens without Foundation Tests
Test Specimen Design.
e specimens without foundation tests were used to study the behavior under a lateral load.
Column specimens with a length of 1200 mm were designed, as shown in Figure 1 . e columns were reinforced with the main bar and the stirrup. Additionally, the main bar has a diameter of 6 mm, and the stirrup has a diameter of 1.2 mm. e stirrup spacing is 50 cm in the column. e distance between the outer stirrup and the steel casing is 20 mm.
As summarized in Table 2 , there were four specimens. e outer diameters of the tubes (D) were 165 mm. e section type of specimens NC1, NC2, and NC4 is the reinforced concrete section, and the section type of specimen NC3 is the concrete section. In addition, except for the specimen NC4, all other specimens have steel casing. And the thicknesses of the steel casing were 0 mm, 1.2 mm, and 1.6 mm, respectively.
Test Setup and Instrumentation.
e test setup and instrumentation for the specimens are presented schematically in Figure 2 . One servohydraulic actuator with a loading capacity of 500 kN was used in the loading frame, which allows lateral forces to be applied to the dowel bar.
e experiment uses graded loading, and the specific loading method is as follows. e load is divided into 8 stages according to the estimated ultimate carrying capacity, but the load grading is not consistent: during the initial stage, each of the first few increments of loading was approximately 10% of the predicted failure load, but the loading is gradually reduced after the plastic stage of deformation is reached.
As shown in Figure 2 , the deformation is measured by using dial indicators at the lower center and both ends of the specimen.
e measuring range of the instrument is 0 to 50 mm, and the maximum measurement accuracy is 0.01 mm.
e instrument can measure the absolute displacement and the relative displacement of the middle of the pile. 
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For this test, the strain gauges were attached to the pile side to measure the variation in the strain with the load. e distance between the rst strain gauge and the column top and the distance between the bottom strain gauge and the pile bottom were both 30 cm, and the distance between the adjacent strain gauge layers was 30 cm. Each strain gauge measured the axial and lateral data. e experimental device schematic and strain gauge point position map are shown in Figure 3 .
Specimens with Foundation Tests
Test Specimen Design.
To further study the performance of CFSTs under lateral loading, additional tests were performed. ese tests simulate the actual engineering conditions, and the specimen is embedded in a foundation.
A total of six columns were tested in this study, including three specimens with steel casing and three specimens without steel casing. e specimen size is shown in Figure 4 . e columns consist of the main bar and the stirrup. In addition, the main bar has a diameter of 6 mm, and the stirrup has a diameter of 1 mm. e stirrup spacing is 3 cm in the column. Table 3 provides details of the column specimens BC1 to BC6. All the specimens were placed vertically into the foundation. e length of all the specimens was 800 mm, and the thicknesses of the steel casing were 1 mm.
e outer diameters of the tubes (D) were 100 mm, and the distance between the stirrup and the steel casing is 5 mm. e various Advances in Materials Science and Engineeringparameters considered in this investigation were the rocksocketed depth and the steel casing.
e rock-socketed portion of the specimen was placed in the simulated foundation.
e model foundation size is 2.4 m × 1.3 m × 1 m, and the concrete strength is low to simulate strong weathering mudstones. e concrete mix ratio is 12.5% cementitious material, 12.5% gravel, and 50% sand. In addition, the loading device is a separate servohydraulic actuator with a loading capacity of 100 kN, and it was placed on the top, and the top of the servohydraulic actuator was fixed on the reverse beam. A schematic diagram of the device setup is shown in Figure 5 .
Test Setup and Instrumentation.
In the test, the loading of the pile top is measured by the load sensor. e displacement of the pile top and the lateral displacement at the rock surface are measured by a displacement transducer.
e strain gauge is used to measure the axial strain and the lateral strain of the concrete pile.
e strain gauges are shown in Figure 6 . During step-by-step loading, to keep each load the same, the load is calculated according to 10% of the estimated carrying capacity. e first stage load is 2 times the grading load; the unloading is reduced by a consistent 20% of the carrying capacity. e requirements are that the transmission load is uniform, continuous, and stable and that the time of loading is at least 1 min.
Results and Discussion
is section presents the main experimental results of the tested CFST members, including the midspan loaddeflection, component strain-load, and lateral load (P) versus lateral displacement curves. Analyses of the influence of the steel casing on the ultimate load-carrying capacity and the mechanisms driving these relationships are also performed.
e influence of different test parameters on the behavior of the CFST members is also discussed.
Specimens without Foundation Tests
Midspan Load-Deflection Curve.
e measured midspan deflection varies with the load of the regular curve, as shown in Figure 7 .
From the load-deflection curve of Figure 7 , the ultimate bearing capacities of the specimens with a steel guard are significantly improved: from specimens NC4 to NC2 and NC4 to NC3. According to the measured results, the ultimate bearing capacity of ordinary reinforced concrete piles is 30 kN; however, for the components with a steel tube thickness of 1.2 mm, the ultimate bearing capacity is approximately 120 kN, and for the specimen with a steel tube thickness of 1.6 mm, the ultimate load capacity is approximately 145 kN, which is 3-4 times bearing capacity of the reinforced concrete component. e greater the thickness of the steel tube, the higher the ultimate carrying capacity.
As shown in Figure 7 , for the reinforced concrete members, because of their smaller spans, during the entire loading process, the midspan de ection increases linearly with the increase or decrease in the load, and there is no elastic-plastic phase. In addition, with the addition of steel-retaining elements, during the loading process, as the load increases, the midspan de ection presented three working stages; the elastic phase is exhibited before the load reaches 70 kN. With a linear increase in the load, the midspan de ection then enters the elastoplastic stage. Before the load increases to 110 kN, the components exhibit elastoplasticity; as the load continues to increase, the plastic phase is observed until the component is failure.
Strain-Load Curve.
e variation in the strain of the reinforced concrete pile foundation model with the load is shown in Figure 8 ; here, only longitudinal observations are made for the pile foundation.
From Figure 8 (a), we can see that the transverse strain of the reinforced concrete in the center of the pile is considerably greater than the strain at both ends. For a more intuitive shows that when the load increases to approximately 10 kN, the axial strain increases rapidly, and the concrete in the tension zone is cracked and rapidly propagates toward the neutral surface. e reinforced concrete members exhibit brittle failure under a concentrated load, as shown in Figure 9 . It can be seen from Figure 8 (b) that, in the pile bottom at point 1 and point 3, the ring strain has a large gap before the state is in a state of tension. After the cracks form, the strain value quickly becomes a pressure strain because the midspan cracks form, rapidly increasing the midspan deflection, and Advances in Materials Science and Engineering the concrete longitudinal fiber appears to be under a greater tensile strain. At this point, the measuring point 1 and the measuring point 3 of the concrete fiber are still in the elastic phase, so the tensile ring strain quickly decreases to 0. In addition, as the load increases, a pressure strain develops. In addition, at the side end of measuring point 4 and measuring point 6, before reaching the applied load of 10 kN, the strain value is approximately 0; that is, before reaching the damaging load, the tensile zone of the pile has not yet been extended to its neutral surface. After the load reaches 10 kN, the strains at measuring point 4 and measuring point 6 begin to develop into compressive strains. According to the analysis, the main reason for this change is the same as the abovementioned change at points 1 and 3. e measured strain of the steel tube-reinforced concrete piles in a foundation during the change in loading is shown in Figures 10 and 11 . For the specimen NC3, the strain gauge at point 6 was damaged and failed.
It can be seen from Figures 10 and 11 that lateral bending of steel casing-reinforced concrete pile foundation shows a marked ductility compared to the deformation of reinforced concrete pile foundations. e midspan tension zone (longitudinal measuring point 2) does not show a sudden increase in strain in Figure 8 but is characterized by first elasticity and then elastoplasticity. erefore, the use of steel tube protection has a very important role in the ductility of the pile foundation under enhanced lateral bending. At the same time, in addition to the cross-measuring point 2, the other sides of the steel tube have longitudinal and circumferential strains that change linearly with the load, and the ratio of the longitudinal strain and circumferential strain is approximately Poisson's ratio of the steel casing. erefore, during the entire loading process, in addition to measuring point 2, the rest of the measuring point along the steel tubes are in the elastic phase. is phenomenon shows that using a steel tube greatly enhances the integrity of the pile. Unlike under axial compression, the effect of the steel tube on the core concrete is always present when a load is applied. rough the longitudinal and circumferential strain curves, we can see that, in the ring, the steel tube anchor strain is small; that is, the ring deformation is small. e analysis shows that this is the result of the interaction between the steel tube itself and the concrete. On one hand, the longitudinal stretching of the steel tube under tension causes the ring to shrink so that the steel tube in the ring produces pressure strain. On the other hand, the lateral deformation of the embedded concrete in the tension zone causes the steel tube to produce a tensile strain, offsetting the circumferential strain in the steel tube. In addition, within a certain thickness, when the load is small (less than 70% of its lateral bending limit load), the effect of the steel casing thickness on the bearing capacity of reinforced pile is not apparent, but for the ultimate deformation of the pile foundation, the steel casing thickness plays a certain role; increasing the thickness of the steel tube can effectively enhance the ductility of the pile foundation.
According to the above analysis, in the elastic phase, due to the limitations of the embedded concrete, the steel tube deformation occurs in the tensile zone under a triaxial force state. At this point, the concrete bears a small tensile stress, and its main role is to limit the ring deformation of the steel tube. In the elastoplastic stage, with the increase in the deformation of the steel tube, the tube stress exceeds its proportional limit and extends from the midsection to both ends. At this later stage, the maximum tensile fiber of the steel tube is yielding and developing internally. After the steel tube yields, the strain increases rapidly; due to the greater longitudinal deformation, the concrete in the tension zone cracks. With the increase in the load, the concrete cracks quickly propagate, damaging the component.
Lateral Load (P) versus Lateral Displacement (Δ)
Curves.
e lateral load (P) versus lateral displacement (Δ) curves for common specimens are presented in Figure 12 .
e load-displacement curve of the NC3 specimen is shown in Figure 12 (c).
It can be seen from the figures that the loaddisplacement curve exhibits a typical elastoplastic trend, and the elastic-plastic demarcation point occurs at a load of 100 kN. In the elastic phase, the deformation of the specimen is similar to the development with a linear loaddisplacement relationship. When the load is increased past the cutoff point, the load-displacement curve enters the nonlinear phase, and the stiffness of the specimen decreases gradually.
e change in the midspan displacement is accelerated until the specimen is destroyed. When the lateral load exceeds 100 kN, the steel cylinder of the upper part of the specimen buckles and deforms, the bending displacement is accelerated, and the load-displacement curve undergoes a nonlinear stage. When the specimen bearing capacity decreases as the loading continues, the steel casing will undergo brittle fracture, as shown in Figure 13 . e NC1, NC2, NC3, and NC4 load-displacement curves are shown in Figure 12 . It can be seen by comparing the results that with the increase in the thickness of the steel tube, the transverse bearing stiffness and ultimate lateral bearing capacity of the specimen will increase. e restraint effect of the reinforced concrete on the core concrete will also improve the rigidity and ultimate bearing capacity of the specimen. When the specimen has no steel tube restraint, the stiffness, ultimate bearing capacity, and ultimate deformation of the NC4 specimen are significantly smaller 
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than the remaining three specimens. erefore, when the steel-reinforced concrete composite components are used in practical engineering applications, the transverse bearing performance and deformation performance are obviously improved compared with those of the reinforced concrete and concrete-lled steel tubular members. e results of the tests of the four common specimens are summarized in Table 4 .
Specimens with Foundation Tests
Failure Modes.
After loading is complete, the excavation of the foundation is recorded for the failure of the model piles. e photographs show that the failure modes of the steel-embedded rock-socketed piles and common rocksocketed piles are considerably di erent under lateral loads. Figure 14 shows the failure mode of the two rock-socketed piles comparison chart; for an ordinary rock-socketed pile, the damage surface is tilted, and the tilt angle is approximately 45°. For rock-socketed piles with steel cages, the failure surface is horizontal and along the bottom of the tube. For these two kinds of piles, the location of the failure surface is not the same; the destruction surface of the common rocksocketed piles occurs across the surface of the foundation, and the damage surface of the steel tube rock-socketed pile is buried under the surface of the foundation.
Load-De ection Curve.
Horizontal loads were applied to the six model piles; the lateral deformation of the pile top was measured by the horizontal displacement gauge at the top of the pile to better analyze the e ect of steel casing on the bearing capacity of rock-socketed piles. e six groups of load-de ection curves, each representing a di erent rockembedment depth, are drawn in Figures 15(a)-15(c) . From Figures 15(a)-15(c) , it can be seen that the inuence of the steel casing on the horizontal bearing capacity of the rock-socketed piles is basically the same. It can be seen from Figure 15 that the load-de ection curves of the two rock-socketed piles are generally nonlinear but are linear under small loads. For the model pile BC1, when the horizontal displacement is less than 3 mm, the horizontal displacement of the pile top increases linearly with the lateral load. When the horizontal displacement exceeds 3 mm, the load of the pile has a small uctuation; when the horizontal displacement of the pile is approximately 9 mm, the horizontal load reaches maximum, which is the horizontal limit load capacity of the pile. For pile BC2, when the horizontal displacement is less than 6 mm, the horizontal displacement of the pile top increases linearly with the lateral load. When the horizontal displacement exceeds 6 mm, it changes nonlinearly with the load. When the horizontal displacement of the pile top is approximately 15 mm, the ultimate load capacity is achieved.
e horizontal ultimate loadcarrying capacity of rock-socketed piles is approximately 0.4 kN, while that of conventional rock-socketed piles is approximately 1.65 kN, indicating that the ultimate bearing capacity of rock-socketed piles is only 1/4 of the common rock-socketed pile. In addition, the in uence of the steel casing on the rock-socketed piles is basically the same: both kinds of steel-retaining cylinders will greatly reduce the horizontal bearing capacity of the pile body but slightly increase the deformation modulus. Figure 16 shows the load-de ection curves of the rocksocketed piles with di erent rock-embedment depths.
It can be seen from Figure 16 that these three curves are linear at low loads and that the slope increases with the depth of embedment in the rock formation, indicating that the increase in the rock depth will increase the horizontal deformation modulus of the pile. e bearing capacity is approximately 0.45 kN when the depth of the rock embedment is 300 mm, the carrying capacity is approximately 0.70 kN at 400 mm, and the carrying capacity of 500 mm is reduced to 0.4 kN, showing that increasing the depth of the rock embedment does not always improve the carrying capacity.
Bearing Capacity.
e bearing capacity of rocksocketed piles is a ected by many factors. It can be seen from the horizontal load-de ection curves of the pile tops with di erent rock-embedded depths that the depth of rock embedment has a considerable in uence on the bearing capacity of rock-socketed piles in common rock-socketed piles and those with steel cages.
e slope of the loadde ection curve shows the sti ness of the pile against lateral deformation; this relationship can be expressed by the following equation:
where W is the sti ness, F represents the horizontal load applied by the pile top, and λ is the horizontal displacement of pile top. e relationship between the sti ness and rock depth is shown in Figure 17 . Figure 17 shows that the sti ness of the embedded rocksocketed piles and the steel-embedded rock-socketed piles increases with the depth of embedment of the pile in the foundation. As the rock-embedded depth increases from 40 cm to 50 cm, the rigidity of the pile approximately doubles. When the rock-embedding depth is less than 40 cm, which is less than 4 times the pile diameter, the rigidities of the two rock-socketed piles are very similar. When the depth of the rock-embedded rock is increased to 50 cm, the rigidity of the rock-socketed pile is clearly greater than that of the ordinary rock-socketed pile, indicating that the steel tube enhances the sti ness of the pile. In addition to the lateral deformation sti ness, the horizontal ultimate bearing capacity of the pile can be determined by the load-de ection curve. Figure 18 shows the horizontal ultimate bearing capacity of the rock-socketed piles under di erent rock depths.
From Figure 18 , we can see that the ultimate bearing capacity of the ordinary rock-socketed pile is much higher than that of the steel tube. When the depth of the rock-embedding increases from 30 cm to 40 cm, the ultimate bearing capacity of the rock-socketed pile increases from 0.43 kN to 0.74 kN; as the depth of embedment is increasing to 50 cm, the ultimate bearing capacity did not continue to increase but instead reduced to 0.38 kN, which is less than that at the depth of 30 cm when the corresponding ultimate bearing capacity is also small. Comparing the rock-socketed piles with steel casing, the average ultimate bearing capacity of the ordinary rock-socketed piles is 1.5 kN, which is almost three times that of the rocksocketed piles. is shows that although the steel tube can increase the rigidity of the pile itself, the steel tube will also reduce the ultimate bearing capacity of the pile.
e main reason for the abovementioned phenomenon is that when the steel tube in the pile improves the rigidity, at the same time, the horizontal load applied to the top of the pile will be more concentrated on the upper part of the foundation, and the depth of the steel tube is only the pile diameter. erefore, half of the bedrock in this very small area will bear a large part of the horizontal load, resulting in a very large bending moment in the pile cross section. From the failure mode of the pile, it can be seen that the failure surface of the rock-socketed pile is very large at the bottom of the steel tube, con rming the above analysis.
Derivation of the Ultimate Moment
Formula for Steel Casing-Reinforced Concrete Piles
Han and Yang [24] and Cai [25] used a uni ed theory and limit equilibrium theory, respectively, to establish formulas for the ultimate bearing capacity of concrete-lled steel tubular members. In steel casing-reinforced concrete components, the transverse bending characteristics and concrete tube have some similarities. In this paper, the limit bending theory and the superposition principle are used to analyze the ultimate bending moment of steel tubereinforced concrete under transverse bending. e above derivation is described in [24, 25] , which is directly referenced and adjusted in this section.
According to the principle of superposition, the ultimate bending moment is divided into three parts: the steel casing and reinforced double hoop under the action of concrete bending capacity, the steel tube bending capacity, and the bending capacity of steel, as shown in the following equation:
where M 
where W scm is the bending modulus of the concrete section according to the following formula:
Additionally, c m is the calculation coe cient of the concrete bending capacity, according to the following formula:
where f y is the yield strength of the tube, A S is the steel cross-sectional area, f C is the concrete cube compressive strength, A C is the concrete cross-sectional area, and ρ is the reinforcement ratio of concrete. f scy is the strength index and considers θ 1 when the concrete is under axial pressure according to the following formula:
f scy 1.14 + 1.02θ 1 f ck ,
where f ck is the standard value of the concrete compressive strength.
where W sy is the bending modulus of steel casing and is de ned according to the following formula: 
